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ABSTRACT
The development of new oceanographic satellites -uch as SEASAT-A will provide measure-
ments applicable to studies of heat storage changes in the upper ocean on seasonal and annual
time scales. A one-dimensional model of the upper ocean mixed-layer has been developed to
determine how the parameters which can be measured from satellites affect the development
of the layer. The results :how that the form of the dissipation term is important in achieving
cyclic annual states, that the layer deepening rate depends on the averaging period for the
surface heat flux and wind stress, that wind direction, as well as magnitude, can affect the
deepening rate and that horizontal advective effects cannot simply he superimposed on the
model results. An algorithm is given which uses satellite derived wind stress and sea surface
temperature data to predict real time changes ir upper oa;an heat storage during the coaling
seasons.
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MONITORING CHANGES IN UPPER OCEAN
HEAT STORAGE FROM SATELLITES
1. INTRODUCTION
The development of the SEASAT-A and Nimbus G satellites will provide a wealth of new in-
formation about the physical processes occurring at the air-sea interface. SEASAT will have
a complement of microwave sensors to measure such parameters as sea surface temperature,
surface currents, sea ice and scalar and vector wind stress at the sea surface. Figure 1 shows
the flight configuration and the various sensors that will be aboard the spacecraft. The pur-
pose here is to consider how measurement of these parameters can be utilized by oceanogra-
phers and climatologists who are interested in the development of the upper ocean mixed-
layer and the corresponding change in heat storage on seasonal and annual time scales. In
order to understand how climatic variations occur on these time scales, it is essential to know
how heat is stored in the upper ocean. For these studies the two principal instruments on
SEASAT are the SEASAT-A Scatterometer System (SASS), an active senso, that measures
sea surface wind stress, and the Scanning Multifrequency Microwave Radiometer (SMMR), a
passive sensor which will provide sea surface temp ratures.
A model which faithfully reproduces the seasonal and annual evolution of the ocean surface
mixed-layer is particularly important to climate modelers who must know whether heat
fluxes across the air-sea interface are distributed through a shallow surface layer or through a
much deeper layer. The heat storage varies both temporally and spatially, and it is affected
by such physical processes as the surface wind stress, heat fluxes at the air-sea interface, hori-
zontal advection and deep ocean processes. Since the deep ocean processes cannot be ob-
served directly from satellites, such processes will not be considered here. Ultimately it may
be possible to use satellite data to accurately predict the heat storage in the upper ocean, and
this information may in turn be used in climate models to provide realistic climate predictions.
One of the first models of the ocean mixed-layer was developed by Munk and Anderson
(1948). Kraus and Turner (1967) developed a one-dimensional model of the seasonal ther-
mocline, that was generalized by Denman (1973) to consider a time-dependent problem.
These models are concerned primarily with determining how mechanical mixing causes the
mix-d4ayer to move downward by entraining denser water from below. Pollard, Rhines and
Thompson (1973) invoked a Richardson number criterion at the entraining interface. Miller
(1976) showed :hat in certain situations the salinity structure, rather than the thermal struc-
ture, could control the rate of deepening. Since satellites are capable of measuring the physical
parameters responsible for mixed-layer deepening, namely wind stress and heat fluxes, it is
quite appropriate to consider these one-dimensional models and their ability to simulate
changes in the heat storage of the upper ocean. Thompson (1976) has shown that these one-
dimensional models can predict the annual development of the mixed-layer at a miJ latitude
location.
In the next section a one-dimensional model of the ocean mixed-layer is developed. In sub-
sequent sections various aspects of the model are discussed in the context of utilizing satellite
measurements to improve the real time predictability of changes in the heat storage of the
upper ocean. Problems associated with the discontinuous coverage by satellites and the sub-
sequent need to insert spatially and temporally averaged data are discussed. An algorithm is
presented which shows how SEASAT wind stress and sea surface temperature data can be
used to predict changes in mixed-layer depth between successive passes of the satellite. An
additional output parameter is a measure of the heat fluxes between two satellite passes.
Finally, the effects of horizontal advection on the dynamics of the mixed-layer are briefly
considered.
2. MODEL DESCRIPTION
A good review of one-dimensional models of the upper ocean can be found in a paper by
Niiler and Kraus (1977). These time-dependent models assume the existence of a mixed-layer
2
t
of depth h, through which the density and horizontal velocity are uniform. Discontinuities
in density and horizontal velocity are assumed across the bottom of the mixed-layer, and a
linear density gradient occurs in the region below. Only the effects of temperature on the
density structure will be considered here, although Miller (1976) has shown that the salinity
effect can be quite important in subtropical regions. Figure 2 shows the structure of the
mixed-layer that will be assumed throughout this paper.
The fundamental parameters that describe the characteristics of the mixed-layer are the te , n-
perature and depth. A system of ordinary differential equations for these parameters depends
on the time-dependent boundary conditions which consist of the surface wind stress, sensible
and latent heat fluxes, incident solar radiation and the net longwave back radiation. These
ordinary differential equations are derived by integ ating the equations for conservation of
heat and turbulent mechanical energy across the mixed-layer.
The equation for the conservation of heat is based on the first law of thermodynamics, and
its time averaged turbulent form is given by
aT	 aT	 aT	 aT	 a	 1 act
at	 ax	 ay	 az	 az	 pc az
where T is the mean temperature of the mixed-layer, w' and T' are fluctuating components
of the vertical velocity and the temperature, p is the water density, c is the specific heat, Q(z)
is a depth dependent heat source term due to solar radiation, and u, v and w are mean veloc-
ities in the x, y, and z directions, respectively. In the following, the vertical velocity w will
be assumed to be zero, although it can easily be incorporated to account for upwelling across
the bottom of the mixed-layer. The horizontal velocities will also be assumed zero except in
Section 5 where the effects of advection will be discussed. The boundary conditions for heat
flux across the upper and lower boundaries are given by
(77TVZa0 = - _ _F
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and
(wT) z - -h	 dh - - dt (T - Th)
where F* is the sum of the sensible and latent heat fluxes and the net Iongwave back radiation
and TI, is the temperature immediately below the mixed-layer.
The turbulent kinetic energy equation for a horizontally homogeneous ocean is given by
Phillips (1966) as
a 1 ^2	 _	 , au _	 , av _ L, ( p' E2
at 2	 )=	 u w az
	 VW, 
az	 az 
w
\ P + 2
— a g (w'T') — e,	 (4)
where 
2 
c2 = 
2 
^u '2 + v'2 + w'2 ) is the mean kinetic energy of the turbulent motion,
p' is the pressure perturbation, g is the gravitational acceleration, a is Cie coefficient of thermal
expansion and c is the dissipation term. The first two terms on the r.h.s. of Eq. (4) represent
the production of turbulent energy by the Rey,iolds stresses acting on the mean velocity shear.
The third term represents the divergence of the vertical transports of turbulent energy, and
the foul th term, a g ( TT ' ) represents a loss of energy in a stably stratified fluid due to work
done against the density gradien. The density has been eliminated from the buoyancy term
by assuming that p = po ( 1 + a (T — To )) , where po and To are reference densities and tem-
peratures respectively.
The principal differences among the various one-dimensional models arise due to different
parameterizations of the turbulent kinetic energy equation ( Eq. 4), particularly the parame-
terization of the dissipation term. Niiler ( 1975) used a three layer model to resolve deepen-
ing events due to velocity shear and derived the following expression for the integrated
turbulent production:
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where m is a constant, u is the average velocity through the mixed-layer and u *
 is the friction
velocity. If Eq. (1) is integrated from 0 to z and then integrated again across the mixed-layer,
the expression for the integrated vertical buoyancy flux is
0
w'T' dz = — 
z 
(F+ R) + .y- t R — z hAT dh .	 (6)fd
-h
R is the solar radiation transmitted across the air-sea interface, AT is the temperature jump
across the bottom of the mixed-layer, and y is the solar extinction coefficient. The integrated
dissipation is assumed to have the form
0
cdz = mp u* + a dt u 2 + a,g(1 — m,) 2 h(F+R)
fh
+ m b h	 (7)
ti
	
	 where the constants mp , ms , mc and Mb are related to dissipation balancing the production,	 t
shear at the bottom interface, convection and a background dissipation, respectively. The
above expression appears in the paper of Nailer and Kraus with the constant Mb = 0. Kim'
(1976) included the last term in Eq. (7) and assumed a value of Mb = 2 X 10-8 m2 sec-3.
The third term on the r.h.s. of Eq. (7) was suggested by Gill and Turner (1976) to limit pene-
trative deepening during the cooling season. The constant m $ was set to zero by Niiler, but
Wyatt (1976) has suggested a non-zero value for m s to allow for shear dissipation at the
bottom boundary.
r_
F.1 .
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An equation for the time rate of change of the mixed -layer depth can now be obtained by
integrating Eq. (4) from z = 0 to z = h ant' substituting Eqs. (5), ( 6) and ( 7) to yield
dh	 ahS	 2
dt	
2	
2(T—Th) — (1 m,) 	 (m—MP) u*3J
ag'Y`t R + MC agh (F + R) — Mb h.	 (g)
The l.h.s. of Eq. (4) is assumed to be small for the time scales of interest. Substitution of
Eqs. (2) and (3) into the integr ? ted form of Eq. ( l) leads to an equation for the rate of
change of the surface temperature given by
dt	 h	 dt (T -- TO + F + R I 	 (9)J
Assuming that the structure below the mixed -layer remains constant in time, the equation
for Th is
dTh 
= — L 
dl^	
(10)
dt
where L is the temperature gradient below the mixed-layer.
Whenever there is not sufficient production of turbulent kinetic energy to produce mixed-
layer deepening, then the r . h.s. of ;8) is set equal to zero and solved for h. It should be
noted that during a heating regime ( F + R > 0), me = 1. In the next sections, sensitivity
studies, as well as the effects of various term: in Eq. ( 8), will be analyzed with particular
emphasis on determining how satellite data can be used to aid in real time prediction of the
variations of heat content in the upper ocean.
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3. DIURNAL AND ANNUAL. CYCLES
One of the principal weaknesses of the one-dimensional Kraus and Turner model is that too
much deepening occurs during the cooling season. That model is given by Eq. (8) with
n, = me = 1 and Mb = 0. To properly simulate the annual cycle, it is necessary to model the
dissipation term given by Eq. (7) in a more realistic way. One method, proposed by Kim
(1976), involves setting Mb = 2 X 10-8 m 2 sec-3 to allow for a constant background dissipa-
tion. Figure 3 shows how the inclusion of this term significantly reduces the deepening over
a 60 day period when the wind stress and the surface cooling remain the same for both cases.
Without the background dissipation term the layer deepens by more than 100 m, wr.ereas
inclusion of the term limits the total deepening to about 50 m.
Over an annual cycle for which the heat fluxes and wind stress are set equal to the climato-
logical values, it is desirable that the mixed-layer depth and the heat storage return to their
initial values at the end of the cycle. Figure 4 shows three different model simulations
assuming a sinusoidal heat flux with a one year period and a constant wind stress. Curve A
shows the excessive deepening that occurs during the cooling season when the Kraus and
Turner model is used. Gill and Turner (1976) have suggested that the deepening during the
cooling season car, be reduced by considerine a model that does not include fully penetrative
convection. Curve B shows that the deepening is considerably reduced when no penetrative
convection is allowed ki.e. me = 0). A more realistic model would allow for a positive, but
small, value of mc . Finally, curve C shows the effect of including a background dissipation
%.,i tn no penetrative convection Mowed. In this cave the mixed-layer returns to the same
depth as the initial depth anc, a cyclic annual state is achieved.
i
Any models that purport to use satellite data to model either seasonal or annaal changes of
the heat storage in the upper ocean must include a parameterization of the dissipation term.
Although the choice of a non-zero value of Mb can produce annual cyclic states, Niiler and
Kraus (197/) find little physical justification for its inclur:on and set it to zero. Since this
7
Fig. 4, it appears reasonable to assume that m — mp in Eq. (8) becomes smaller ac the layer
deepens during the cooling season. More research is required with respect to analysis of
observational data to determine the relative importance of forced and free convection during
the cooling season.
In addition to the variation in heat flux over an annual cycle, a much shorter time scale
variation occurs due to the diurnal variation of the incident solar radiation. Since satellites
do not provide continuous coverage of the incident solar radiation at specific ocean sites, the
_ radiation data must be inserted into the model in an averaged form. Figure 5 shows the mixed-
=	 = layer depth variation for a ten day period using different averaging teclmiques for the radiation.
In all three cases there is no net heating during the three day period. Curve A shows the grad-
_	 `=	 - ual deepening which occurs for a constant wind stress when the average heat flux is constant
and equal to zero. For curves B and C, the incident solar radiation, R, varies sinusoidally
- over the daily cycle with the proviso that when R is negative F is set equal to R and R set to
zero in Eq . (8). Hence, over a daily cycle, the net heat flux is zero. More deepening occurs
for curve B because penetrative convection occurs along with the wind deepening during the
cooling period ( i.e. mc = 1). If the penetrative convection at night is eliminated by setting
^- 0, then the net deepening is s ignificantly reduced as shown b^ =	 1^	 8	 g	 Y	 Y curve C. In both B and
C, a diurnal variation of the mixed-layer depth occurs as the solution of Eq. (8) alternately
shifts between heating and cooling regimes. The important point in regard to satellite inputs
to the model is that different depths are predicted at the end of a ten day period depending
on the choice t)f averaging period as well as on the penetrative convection constant, mc.
These changes in depth will be accompanied by different surface temperature variations for
the different averaging periods.
Figure 6 shows that the variations of surface temperature differ over the ten day period
depending on the time period over which the heat fluxes are : veraged. Curves A and B
8
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correspond to the mixed-layer depth variations of curves A and B in Fig. 5. In all cases the
net heating due to surface heat fluxes over the ten day period is zero. Curves B and C show
that in addition to the diurnal variation of sea surface temperature, a gradual decrease in the
average temperature also occurs. Figure 6 indicates that a greater overall temperature de-
crease occurs when the shorter averaging periods are used. This greater decrease can be ex-
plained by comparison with Fig. 5 which shows that the shorter averaging period leads to
deeper depths and hence greater entrainment of colder water from below.
Figure 7 shows that two additional features arise if the background dissipation is included
in the diurnal simulation. With mb>0, a shallower mixed-layer forms during the heating
regime, and less deepening occurs at the end of the ten day period. Curve B is the same in
Figs. 5 and 7. The shallower depth occurs due to the additional term which arises when the
r.h.s. of Eq. (8) is set to zero during the heating regime.
The extinction coefficient y also affects the characteristics of the heating regime. increasing
the value of y will cause shallower mixed-layers to form during the heating regime and thus
lead to grater temperature variations in the surface mixed-layer. Alexander and Kim (1976)
analyzed the summer heating regime for the North Pacific Ocean and found it necessary to
use a somewhat larger extinction coefficient than suggested by Jerlov (1968) in their one-
dimensional model.
Since the heat flux terms at the air-sea interface vary both spatially and temporally, it will
be extremely difficult to provide real time monitoring of these fluxes with satellites. It will
be necessary to supplement the real time observations with assumptions based on persistence,
climatology, spatial correlations or some combination of these to provide a continuous record
of the heat fluxes for a particular area. As has been shown in this section, the time period
over which these fluxes are averaged is also important.
9
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4. SURFACE WIND STRESS
Possibly the most important new measurement to be obtained ;s the surface wind stress
vector using the SEASAT scatterometer. Since the rate at which turbulent energy is pro-
vided to the ocean by the surface wind is proportional to wind speed cubed (Eq. 8), it is
imFortai*+ that this term be known accurately over a large area. The discontinuous coverage
by satellites again !eads to some difficulty because of the strongly non-linear dependence of
the mixed-layer deepening rate on the wind speed. In this section the effects of wind strer,
magnitude and wind stress direction will be discussed.
Figure 8 shows the effect of an impulsive wind event during a one month period. The solid
curve shows the rate of deepening for a constant heat flux with a constant wind speed of
5 m sec —t , except that the wind speed is 20 m sec - t from day 10 to day 13. During this
impulsive event the mixed-layer deepens rapidly to about 80 m and then levels off for the
remainder of the month. If the satellite observes surface winds ten times during the month
and if nine of the observations are speeds of 5 m sec -1 and one of 2C m sec -t , then I
deepening is given by the solid curve if each observation is assumed to persist for the fol-
lowing three days. If the average monthly wind speed is computed and inserted into the
model the deepening for the month is given by the dashed curve, and it is apparent that con-
siderably less deepening occurs than for the impulsive case. Quite possibly the storm dura-
tion or impulsive event would be less than three days, and the actual depth at the end of the
period would be between 50 and 85 m. However, without additional information it is not
possible to asece!ain the true situation, although spatial and temporal correlations over an
ocean basin might provide additional information about wind speeds during impulsive events.
The third curve in Fig. 8 shows the deepening rate when the average of the wind speed cubed
is used in the model simulation. The final depth in this case compares favorably with the
impulsive deepening case. Some improvement over these results would be obtained by in-
sertion of SFASAT winds since 20 measurements will be obtained each month due to the
36 hr repeat cycle.
la
:a
l
ii
4
r	 ^	 .
a
J, IJ 11
Directional information as well as speed will be provided by the SEASAT scatterometer.
Figure 9 shows that the rate of mixed-layer deepening may depend on the direction of the
surface wind stress in addition to the magnitude whenever an initial current is present. With
an initial geostrophic current, us , in the x-direction, the time-dependent horizontal current
velocity due to an imposed wind stress can be determined from the horizontal momentum
equations and is giver. by Niiler ( I 97S) as
u = P fh sin f t + us
01)
v = pfh (Cosft — 1)
where r is the surface stress and f is the Coriolis parameter. Figure 9 shows that the deepen-
ing rate differs over a one day period depending on whether the strew is in the positive or
negative x-direction. When the stress is in the same direction as u6 , the deepening is more
rapid particularly during the first six hours during which the stress is imposed. Hence, satel-
lite observations of wind direction would be useful for determining deepening for inertial
time scales during which the term ( 1 — mS) g2 in Eq. ( 8) is important.
Since the surface wind speeds will be available on a regular basis during the cooling season.
it is essential that the relative importance of forced and free convection be known. Changes
in the aniount of heat stored ire the upper ocean may occur rapidly during the cooling sea-
son. With rN = 1, Mb = 0, R = 0, Eq. (8) reduces to
d h	 ' , m — rnp
 ) u* + mr F
(12)dt	 —agh(T—TO	 (T — Th)
as the mixed-layer erodes during autumn cooling. Hence, the relative importance of forced
and free convection depends on the values of the constants m — m p and nn^ . An analysis
of observational data could provide the values of these constants. Figure 10 is a schematic
11	 '^
diagram that shows how SEASAT wind stress data can be used to predict the heat storage in
the upper ocean in real time when information about the sea surface temperature from the
SEASAT SMMR is also provided. If the model is capable of correctly predicting the changes
in heat storage, an additiona l. valuable piece of information will be available — the surface
heat flux. Knowledge of the surface heat flux would be extremely beneficial for comparison
with satellite derived bulk parameterization of these fluxes. As shown in Fig. 10, it is essen-
tial to know whether the deepening is primarily due to forced convection or free convection
during the time period. The equations for changes in Ah in Fig. 10 ar+- based on Eq. (8) with
m, = 1, Mb = 0, R = 0 and assuming a7 = 0 below the mixed-layer.
5. ADVECTIVE EFFECTS
The one-dimensional mixed-layer model used in the previous simulations has not included
any mechanism to provide horizontal coupling between grid points. On seasonal and airtual
time scales horizontal advection is important, and a natural extension of the one-dimensional
model can be considered. It may be possible to derive ocean surface currents from wave
spectra data to be observed by the synth.lic aperture radar (SAR) oil
	 If so this
information would be extremely valuable in assessing the relative importance of horizontal
heat transports in various occanic regions.
(
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Horiz •)ntal advection call be included in the model at a specific grid point by assuming the
existence of a temperature gradient in the x-direction and a mean mixed-layer velocity U.
Then the integrated form of Eq. 11) will include an advective ten". Figure 1 1 shows how
horizontal advection, with u = 15 cm sec r and ar = — I °C1250 km, affects the rate of
mixed-layer deepvning. For the case shown, the horizontal advection is assumed to occur
over a depth 1), which is less than the mired-layer depth. Hence, the advective temperature
change over the mixed-layer is given by
H	 ax .
	 (1_')
I'
For both curves the net heat flux is the same over the 30 day period, but when horizontal
advection of warmer water is allowed, leas deepening occurs. The deepening is reduced when
warm advection occurs because the surface layer is warmed which in turn increases the tem-
perature difference, T — Ta, across the bottom of the mixed-layer. Since the deepening rate
is inversely proportional to T — Te, the deepening rate is n-duc ed.
The important point to note here is that the horizontal advection alters the dynamics of the
deepening mixed-layer. Simply adding the advective temperature change at the end of the
30 day period does not yield the same result as including the advective temperature change
at each time step. To fully understand the effects of horizontal advection on these one-
dimensional models, it is necessary to consider models with numerous horizontal grid points
which can interact with each other through the advective terms in the equations.
6. SUMMARY AND CONCLUSIONS
Satellites such as SEASAT-A will provide information, for the first time, that will allow
changes in heat storage of the upper ocean to be predicted in real time on seasonal and annual
time scales. Since satellites can observe parameters at the ocean surface, it is particularly ap-
propriate to consider a model which predicts changes in the upper ocean and assumes a steady
state in the region below. Such a model is unlikely to be suitable for time scales much
longer than an annual cycle unless further modifications are included. The sensors sooard
the new gener, lion of oceanographic satellites will provide measurements of sea surface tem-
perature, surface heat fluxes, vector winds and surface currentF all of which are important
variables in models of the surface mixed-layer.
A mixed-layer model has been studied to determine how physical parameters measured from
satellites affect the heat storage in the upper ocean. One major pcoblen, associated with the
insertion of satellite data into the model arises due to the discontinuous nature of the coverage.
The principal conclusions of the present study can be summarized as follows:
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1. Annual Cycle. Annual cyclic states can be obtained by making certain assumptions about
the dissipation term in the turbulent mechanical energy equation. If rn,, is decreased from 1
to 0, penetrative convection due to surface cooling is reduced, and this causes a reduction in
mixed-layer deepening during the cooling season. If in addition, m — m p becomes smaller
far deeper depths, then annual cyclic states are obtained. Another method of obtaining an-
nual cyclic states is to assume the existence of a constant background dissipation (m b > 0).
Further work is necessary to find the values and possible variations of the parameters m,,
m — N and Mb .
2. Diurnal Cycle and Data Averaging. When heat fluxZs are averaged over different time
periods during a diurnal cycle, different mixed-layer depths and sea surface temperatures are
obtained. This is due to the non-linear form of the model as well as the penetrative convec-
tion parameter. This result is particularly important with respect to satellite measurements
which are not continuous in time and hence must be averaged over some interval. It is im-
portant to determine ovor-What averaging interval the model predictions will be accurate.
3. Vector Wind Stress. Roth the magnitude and the direction of the surface wind stress will
be available from the SEASAT scatterometer, and both are important in determining mixed-
layer deepening. Since deepening is proportional to wind speed cubed, it is particularly im-
portant to know the duration of impulsive events. The direction of the surface wind stress
is shown to be important in determining the deepening rate on short time scales whenever
an initial current exists.
4. Forced and Free Convection. It is necessary to determine the relative contributions of
forced and free convection to mixed-layer deepening during the cooling season. Further
analysis of observational data is necessary to get this information. An algorithm is given to
predict the upper ocean heat storage in real time given the wind stress measurements from
the SEASAT scatterometer and the sea surface temperature from the SEASAT SMMR. An
additional output will be a value for the heat tlux between successive satellite passes. This
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cw be c3mpared with satellite derived fluxes using the standard bulk aerodynamic
formulation.
5. Horizontal Advection. In regions of strong currents, changes in heat storage will depend
on horizontal advection as well as changes in mixed-layer depth. The two effects are not
simply additive since the advection affects the dynamics of the deepening mixed-layer. It
may be possible to extract useful information about ocean surface currents from the SEASAT
synthetic aperture radar.
If parameters such as surface heat fluxes, vector wind stress and horizontal =.rents can be
measured accurately from satellites, these measurements can be used as inputs for models
which predict the seasonal or annual evolution of the heat storage in the upper ocean. Ac-
curate real time prediction of this heat storage would be invaluable to climate modelers who
wish to predict climatic variations on seasonal or annual time scales.
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Figure 2. Schematic Representation of the Temperature Profile Assumed in the Mixed-
Layer Model. Relevant Parameters Are the Sea Surer v Temperature (T),
the Mixed-Layer Depth (h), the Temperature Immediately OzOw the Mixed-Layer (Th),
and the Temperature Gradient aT in the Lower Region.^aZ)
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Figure 6. Variations of Sea Surface Temperature Due to Using different Averaging
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Figure 9. Effect of Wind Direction on the Mixed-Layer Deepening Rate When a 10 cm sec-1
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